Glycosylations have been used repeatedly as the key reaction in the synthesis of oligosaccharides and polysaccharides, therefore both of e‹ciency and stereoselectivity of the glycosylations are important. There has been reported the construction of 1,2-cis glycoside found in various bioactive glycoconjugate glycans from eukaryotes as well as prokaryotes, although a few for the deˆnite methodologies to construct stereoselectively. Approaching from both e‹ciency and stereoselectivity of the reactions, we developed various highly e‹cient and stereocontrolled O-glycosylation methodologies for the construction of 1,2-cis glycosides. We also showed that their 1,2-cis glycosylation methodologies have been applied to the stereoselective synthesis of various bacterial glycoconjugate glycans.
A. Introduction
1,2-Cis O-glycosides are important constituents of various biologically active natural products and glycoconjugates (1,2). a-Glycosides of D-glucose (Glc), L-fucose (Fuc), and a b-glycoside of D-mannose (Man) are major constituents of asparagine-linked (N-linked) glycoproteins and an a-glycoside of N-acetyl-D-galactosamine (GalNAc) constitutes the core structure of serine/threonine-linked (O-linked) glycoproteins (Fig. 1) . In the bacterial glycoconjugates and polysaccharides, various 1,2-cis linkages, such as b-glycoside of D-arabinofuranoside and aglycosides of D-GalNAc and L-rhamnose, are also included.
Although 1,2-trans-isomers have been obtained stereoselectively through the eŠect on neighboring group participation of the C-2 substituent such as acyl group, there has been reported a few deˆnite methodologies to construct 1,2-cis isomers stereoselectively. Although key factors that control stereoselectivity of glycosylation have been largely understood, exclusive formation of desired isomer is generally di‹cult (3) .
In this paper, we report our approaches to the stereoselective constructions of the 1,2-cis linkages and their applications to the synthesis of complex glycans in bacterial glycoconjugates and polysaccharides.
B. Development of high through-put screening of Oglycosylation conditions and its application B-1. Method for high through-put screening of Oglycosylation using [D 7 ]Bn ether as the protective group Due to the formation of the stereoisomers (a/b) as the result of the key glycosylation to the glycan synthesis, its screenings are usually complicated. The key in our HTS system is the use of isotopically labeled protective group, perdeuterated benzyl ether ([D 7 ]Bn) ( Fig. 2) (4) . Benzyl (Bn) ether (5) is one of the most widely used hydroxy protective groups in carbohydrate chemistry (6). However, direct 1 H NMR analysis of oligosaccharides having multiple O-Bn groups is problematic. This is because benzylic methylene signals appear at 4¿5 ppm as AB-quartets and obscure the signals derived from anomeric protons.
By employing [D 7 ]Bn instead, all of these signals disappear and isomeric ratios of glycosylated products can be estimated readily by relative intensities of anomeric signals. In addition, the introduction of [D 7 ]Bn ethers enables facile evaluation of yield by MALDI-TOF MS (Fig.  2) . Each [D 7 ]Bn contributes to increase the molecular weight (M.W.) with ＋7 Da compared to non-labeled Bn. Therefore, measurement of MS-spectrum of aliquot of each reaction, which was mixed with a deˆned amount of non-labeled substrates and product should provide the quantitative estimates (7) of yield and substrate recovery. Therefore, combined use of MALDI-TOF MS and higheld NMR enables the facile analyses of reactions performed in small (mmol) scales. It allows for the systematic screening of various conditions in a parallel fashion. Fig. 2 . HTS system. This system exploits perdeuterated benzyl (Bn-d 7 ) ether, and stereoselectivity and yield are evaluated by 1 H-NMR and MALDI-TOF MS, respectively. And the systematic screening was conducted in a parallel settings; reactions can be performed in ¿5 mmol scale with ¿2 mg of substrates. MALDI-TOF MS of the crude mixtures was measured with stock solutions of non-labeled compounds and yields were calculated from relative peak heights. Anomeric ratios were estimated by 1 H NMR from relative intensities of H-1 signals (in C 6 D 6 ) of a-and b-isomers. B-2. Highly e‹cient and selective construction of Glc 3 Man 1 derivative from high-mannose type tetradecasaccharide using our HTP system Application of the HTS system to the synthesis of oligosaccharide having multiple 1,2-cis glycosidic linkages was investigated. We selected the tetrasaccharide Glc 3 Man 1 (1) as our target (8, 9, 10) , which consists of aGlc-(1ª2)-Glc (Linkage 1), a-Glc-(1ª3)-Glc (Linkage 2), and a-Glc-(1ª3)-Man (Linkage 3) substructures (Fig. 3 , Table 1 ). It was planned to synthesize 1 from Man derivative 5D through consecutive couplings with selectively protected glucosyl donors 6, 9, and 2D (Scheme 1) (11) .
There are a number of factors that may aŠect stereoselectivity and yield of glycosylation (12). They include structures of substrates, promoters, solvents, and temperatures (3). Among them, eŠects of solvents, such as ethereal solvents and nitrile solvents, are particularly important (3), however, the extent of selectivity is di‹cult to predict precisely.
For screening of reaction conditions, 2,3-O- [D 7 ]Bn protected donor 2D was employed and reacted with acceptors 3D, 4D, and 5D (Table 1) . Reactions were conducted in a parallel manner with ¿5 mmol (¿2 mg) of acceptors, using 1.2 equiv. of 5D, 4.2 equiv. of methyl tri‰uoromethanesulfonate (MeOTf) (13) , and 1.5 equiv. of 2,6-di-tert-butyl-4-methylpyridine (DTBMP) in various solvents (14, 15) .
A part of the results of glycosylation with an acceptor 3D (Linkage 1) is listed in Table 1 . Somewhat unexpectedly, halogenated solvents, CHCl 3 or (CH 2 Cl) 2 gave higher selectivity than ethereal solvents such as Et 2 O, cyclopentyl methyl ether (CPME) (16) , dioxane, and 1,2-dimethoxyethane (DME). Aromatic hydrocarbons (e.g. benzene and toluene) exhibited poor selectivity (entries 1-11).
Investigation of mixed solvent systems revealed that the a-selectivity was markedly enhanced when halogenated and ethereal solvents were mixed. These results suggest that coexistence of CHCl 3 and Et 2 O or CPME has a synergistic eŠect in enhancing the a-selectivity (entries 12, 15) (17). Somewhat unexpectedly, dioxane was less eŠective than Et 2 O or CPME as an ethereal component (entry 18). Interestingly, the selectivity was sensitive to the ratio of two components, being signiˆcantly lower when the proportion deviated from 1:1 (entries [13] [14] [15] [16] [17] .
These results are intriguing as it is generally perceived that ethereal solvents have a participating ability to coordinate carbocationic species (Fig. 4) , while halogenated solvents such as CHCl 3 are more or less neutral. Our results showed that subtle tuning of solvent composition, not only the mere presence of an ethereal component, is important in maximizing the selectivity.
In the mixed ethereal and halogenated solvent, the activation of the donor seems to generate ether-coordinated intermediates E(a) and E(b). It is plausible that glycosylation proceeds through more abundant b-oriented E(b), giving a-glycoside predominantly and that the halogenated solvent dissolves the ionic complexes eŠectively.
A 1:1 mixture of CHCl 3 and ethereal solvents exhibited the highest a-selectivity (11.4:1) for a-Glc-(1ª3)-Glc linkage as well (Linkage 2) ( Table 2, formly proceeded in a highly selective manner in CHCl 3 , Et 2 O, or CPME, among which Et 2 O was optimum. Again, a binary system consists of Et 2 O and CHCl 3 gave the best result, in terms of both yield and selectivity (entries [22] [23] [24] .
From these results, a 1:1 mixture of CHCl 3 -Et 2 O (solvent-A) or CHCl 3 -CPME (solvent-B) was judged to be suitable for all linkages 1¿3. Therefore, these solvent systems were employed in the linear synthesis of the tetrasaccaharide 1 (Scheme 1A). The overall selectivity from mannose derivative 5D with 6, 9, 2D (5Dª7ª8ª10ª11ª12) was 86.7z or 85.5z in solvent-A and -B, respectively.
High overall selectivity allowed us to conduct the whole series of reactions without recourse of isomer separation after each step. Thus, compound 5D was subjected steps 1¿5, with all glycosylations performed in CHCl 3 -Et 2 O (solvent-A) as shown in Scheme 1B to aŠord the desired all a-isomer of Glc 3 Man 1 derivative 8 in good overall yield in high purity (47z from 2D). Deprotection of 12 gave 1 without incident. In conclusion, a stereoselective synthesis of the Glc 3 Man 1 was conducted using solvent systems identiˆed by HTP screening. Our study revealed the synergistic eŠect of combined ethereal and halogenic solvents.
C. Development of steroselective b-arabinofuranosylation and its application C-1. Glycoconjugate from mycobacterial cell wall and b-arabinofuranoside Glycans that consist of furanosides are widespread as constituents of glycoconjugates and cell-surface polysaccharides of bacteria, fungi, and parasites (18). They play key roles in infectivity and pathogenicity of these microbes. Among them, mycobacterial cell wall arabinans are attracting particular attention. An adjuvant derived from cell wall skeleton of mycobacteria such as Bacillus Calmette-Gu áerin (BCG-CWS) from M. bovis is known to be an activator of innate immunity (19). Structure of the CWS is unique, being composed of mycolic acid (MA), Darabinan, D-galactan, linker disaccharide (a-Rhap-(1ª3)-a-GlcNAc), and peptidoglycan (PG) ( Araf ]n repeat, which is linked to the inner complex and capped by the branched motif. The latter contains terminal b-Araf, linked to the 2-position of penultimate a-Araf.
In order to achieve the synthesis of mycobacterial arabinan, introduction of the terminal b-Araf residue is potentially problematic. Whereas a-Araf linkage is easily accessible with a 2-O-acylated donor, formation of the bAraf linkage is not straightforward. The di‹culty of the latter derives from its 1,2-cis relative stereochemistry, which prohibits the use of neighboring group participation for stereochemical control. Because the conformation of the furanoside ring is more ‰exible than that of pyranoside, factors that aŠect the stereochemistry of O-furanosylation are di‹cult to generalize.
For the construction of b-linked Araf glycoside, several innovative methods have been reported. Of particular note were approaches through SN2 displacement via a-trifrate (2,3-anhydro-type donor and carboxybenzyl (CB) donor) developed by Lowery (21), and by Kim (22), respectively. However, dependence of substrate to the stereoselectivity has been observed in both cases. Setereoselective synthesis of 1,2-cis-b-D-glycoside through intramolecular aglycon delivery (IAD) have been also investigated by Prandi et al (23) and us (vide E) (24) . C-2. In‰uence of the protective group at 5-posittion:
Construction of the glycolipid motif of BCG-CWS We examined the construction of b-Araf by our novel methodology for high through-put screenings (HTS) of O-glycosylation conditions using [D7]Bn protected arabinofuranosyl donor (7, 11) . However optimum conditions for b-selective glycosylation of donor 13D could not be identiˆed by the screening on the eŠects of solvent and temperature (Table 2 , entries 1, 2).
Because terminal b-Araf residues of arabinan are O-5 mycolated, this position must be distinguishable from others in order to approach mycolated arabinan. Therefore, we began by screening the eŠects of O-5 protective groups on the stereoselectivity of glycosylation using donors 14¿20, through activation by NIS-AgOTf (entries 3-9) (25).
We found that selectivity was particularly sensitive to the nature of R. Speciˆcally, the p-methoxybenzyl (PMB) protected donor 16 gave a favorable result, although the selectivity was modest (entry 5). Corresponding tolylthio glycosides 19 and 20 gave similar results (entries 8, 9). A weaker activating agent, MeOTf, gave low selectivity; however, as we previously reported (26) , substantial rate-enhancement was observed in frozen solvent. Subsequent investigation revealed that the selectivity was also sensitive to the structure of the acceptor (entries 10¿12). When 20 was reacted with 3,5-O-benzyl-protected acceptor 26, signiˆcant enhancement of b-selectivity (a:b＝1:4.6) was observed. Selectivity was improved to 1:8.6, when the reaction was conducted at -609 C (entries 13, 14) .
With these results, we decided to use 16 as the donor for b-Araf synthesis. Diol 31 was then glycosylated with 5-O-PMB protected donor 16. It gave a mixture of pentasaccharides, from which the desired pentasaccharide 32 was isolated in 57z yield, together with 35z yield of stereoimomers (Scheme 2). It was then converted to tetrakistosylates 33, and then to corresponding mycolates through the alkylative esteriˆcation strategy (27), Esteriˆ-cated products wereˆnally deprotected under hydrogenolytic conditions to provide Myc 4 Araf 5 34. The synthesized mycolates (Myc 4 Araf 5 34) induced TNF-a in vitro, with activities similar to that of BCG-CWS, although mycolic acid and arabinan (28) . C-3. EŠect of the cyclic protective group: Construction of a fragment of mycobacerial cell wall arabinan In order to achieve higher selectivity, we turned our attention to the eŠects of cyclic protective groups (Table  2 , entries 15-19). Our hope was that the conformational perturbation associated with the formation of fused rings would cause favorable stereoelectronic eŠects (29) .
To that end, donors having 2,3-O-(21) or 3,5-O-(22¿24) cyclic protection were prepared. When glycosylation with acceptor 26 was performed, it was found that the use of 3,5-O-TIPDS-protected donor 22 or 23 resulted in the formation of the desired b-isomer in a markedly selective manner (entries 16, 17). These results suggested that the conformational restraint introduced by The black arrow shows the direction for b-attack to the anomeric carbon and the white one for a-attack. In the case of a-attack, there seems to be big steric repulsion from a-hydrogen atom at C2. Fig. 7 . Result of molecular modeling of glycosylated products from the most selective entry (Table 2 , entry 17), calculated by MacroModel ver 8.1 in gas phase. 1) aisomer (total energy＝662.8322 kJ/mol); 2) b isomer (total energy＝656.5997 kJ/mol). White arrows indicate newly formed anomeric carbon. the eight-membered ring 3,5-O-protection was responsible for the enhanced b-selectivity compared with six-membered ring 3,5-O-di-tert-butylsilylene and benzylidene masked donors, reported also by Boons (30) and Crich (31) .
The marked diŠerences in selectivity between 23 (a:b＝1:20) and 24 (a:b＝1:5.36) are reminiscent of the work of Woerpel et al., who investigated the allylation of bicyclic lactol acetates 16 and 17 (Fig. 6) . They found that eight-ˆve bicyclic acetate 35 gave higher selectivity in favor of the b-isomer of 37 than the six-ˆve counterpart 36. In light of Woerpel's hypothesis (32), we surmise that the nucleophilic attack from the a-face is disfavored for both 24 and 23 due to the 1,2-gaushe interaction between the entering acceptor and the pseudoaxially oriented C-2 hydrogen. In the case of six-ˆve bicyclic 5, however, the battack should lead to an initial conformer with 3,5-silylene group possessing distorted non-chair like conformation, thereby reducing the preference of the pathway toward the b-isomer. Molecular modeling studies of glycosylated products provided an alternative interpretation of the selectivity; the total energy of the b-linked product was 3.7 kcal/mol lower than that of the b-isomer, suggesting that the formation of the b-isomer was the thermodynamically favored process, which may rationalize the selectivity based on Hammond's postulate (33) . As shown in Fig. 7 , the b-product had pseudoaxially oriented glycoside linkages, which may be favorable in light of the anomeric eŠect.
Inspection of other acceptors shows that, in order to achieve the b-selective glycosylation, the acceptor should be moderately bulky (Table 2 , entries 20-24). For instance, a reaction of 22 with less hindered acceptor 28 displayed no selectivity (entry 20). We speculate that, when the acceptor is not su‹ciently hindered, steric repulsion with the C-2 hydrogen would be inconsequential. In addition, results with hindered acceptor 29, 30 were drastically diŠerent between 22 and 23 (entries 21-24), thus suggesting that the steric factor plays a major role in controlling the stereochemical outcome, and there seems to be a matched/mismatched eŠect in donor-acceptor combination (22) .
With an arabinosyl donor suitable for the stereoselective formation of the b-Araf-(1ª2)-Araf linkage at our disposal, we conducted the synthesis of heptasaccharide 41 (Scheme 3), which corresponds to the branched terminal structure of Mycobacterial arabinogalactan (34) . The pentasaccharide 39 was subjected to a reaction with the b-selective donor 22 to give 40 in high yield and selectivity (40:other isomers＝10.8:1). Subsequent deprotection was conducted in a stepwise manner to give 41. In conclusion, the stereoselective synthesis of fragment of mycobacterium arabinan was achieved. This bselective arabinofuranosylation was applied to the synthesis of non-reducing terminal hepta-arabinofuranoside in the mycobacterial cell wall.
D. Development of stereoselective formation of 1,2-cis-agalactosamine and its application D-1 Novel N-glycan from Campylobacter jejuni A major non-‰agellin antigenic glycoprotein designated PEB3 or Cj0289c has been identiˆed in the pathogenic Gram-negative bacterium Campylobacter jejuni (35) . This glycoprotein has multiple glycosylation sites, which carry N-linked glycans (36) . Recent research has revealed that the glycan are connected to an asparagines (Asn) residue of the Glu/Asp-X'aa-Asn-Xaa-Thr motief (37) .
However, the structures of their glycans are distinct from those of eukaryotic origin. They consist of a bacillosamine (2,4-diacetamido-2,4,6-trideoxyglucose; Bac) residue linked to Asn, a-(1ª4)-GalNAc repeat, and branching b-Glc residue, namely a-GalNAc-(1ª4)-a- (Fig. 8) . The presence of the N-linked glycan on the surface of C. jejuni was shown to play a key role in enteric adhesion to host cells (38) , and this adhesion constitutes theˆrst step of virulence (39) . Besides causing gastroenteric disorder, Campylobacter jejuni infection is suggested to be involved in neuromuscular paralysis, Guillian Barre syndrome (GBS) (40). 
D-2. Stereoelectronic eŠect of electron withdrawing protective group: E‹cient constraction of GalNAc-a-(1ª4)-GalNAc repeat
Various approaches have been explored to facilitate the formation of a-glycosidic linkages of 2-amino hexopyranoses, such as GalNAc or N-acetylglucosamine (GlcNAc) (41) . Among them, the use of 2-azido-2-deoxyGal/Glc derivatives has been employed most extensively. The target heptasaccharide consists ofˆve a-(1ª4)-linked GlaNAc repeats, thus requiring glycosyl donor speciˆcally protected at 4-O-position.
Our previous work revealed that the penta‰uoropropionyl (PFP) group (42) was suitable as a temporary protective group for this purpose. Namely, deprotection of PFP proceeded under extremely mild conditions (pyridine-EtOH), with complete preservation of O-Ac groups. Since the byproduct ethyl penta‰uoropropionate is volatile (b.p. 75¿769 C), the product can be used for subsequent transformation immediately after evaporation. In addition, its strongly electron withdrawing nature attracted our attention. Based on stereoelectronic considerations (12) at the outset, we expected that the PFP ester at position 4 would enhance the intrinsic a-selectivity of the 2-azido glycosyl donor 42-44 in order to neutralize the strong dipole moment caused by PFP in the axial orientation, thus favoring the formation of an a-glycoside (Fig. 8) .
Coupling of the glycosyl acceptor 50 with 42 (b, 1.2 eq) was examined, mainly focusing on the eŠects of the activator (43), amount of activator, reaction temperature and solvent, and the results are summarized in Table 3 . When SnCl 2 -AgClO 4 was used, the reaction was extremely slow, presumably re‰ecting the disarmed nature of 42 (entry 1). Among the activator examined, AgClO 4 -Cp 2 HfCl 2 was most e‹cient providing product 5 in high yield and selectivity. Larger amounts of the promoter (entry 10) or elevated temperature (entry 9) resulted in slightly increased yield. Comparable results were obtained in CHCl 3 , CH 2 Cl 2 and toluene (entries 1, 5-7). a-Fluoride (42a) was shown to be equally eŠective giving 52 in high yield (entry 10).
We then conducted the synthesis of Glc-branched hexasaccharide. For construction of the branched structure, a disaccharide donor [b-Glc-(1ª3)-GalN 3 ] 43 was used as the third component (Scheme 4). Deprotection of disaccharide a-52 proceeded smoothly in the presence of 20 eq of pyridine in ethanol to give 59 (Scheme 2). Although signiˆcant reduction in selectivity was observed, tetrasaccharide 60 was obtained in reasonable yield. Deprotection of the PFP group cleanly provided 61 without aŠecting acetyl groups (Scheme 4). Elongation of two GalN residues was then carried out to give hexasaccharide 64 (44).
D-3. Examination of the steroselective construction of
GalNAc-a-(1ª3)-Bac Next, we examined the introduction of the rare sugar bacillosamine (Table 3 , Linkage 2), which was synthesized previously as the intermediate (51) for the construction of FmocAsn(Bac)OtBu (45) using our convenient method for glycosylasparagine synthesis (46) .
Unexpectedly, however, coupling of the donor 42 with the diazide 51 in the presence of AgClO 4 -Cp 2 HfCl 2 in CHCl 3 proceeded only in modest yield and low selectivity (entry 1). A substantial improvement (63z, a:b＝8.1:1) was observed, when the solvent was switched to benzene (entry 5). The yield was further increased (83z) by changing the proportion of AgClO 4 :Cp 2 HfCl 2 to 4:1 (entry 6).
The eŠect of the nature of 4-O protective group was examined as summarized in Table 3 . Interestingly, TMBz group (58) gave the product with highest a-selectivity (entry 23). This result may be rationalized by remote participation from 4-position (47) tion of PFP was extremely facile (3¿5 molz NaOMe, MeOH, r.t, º30 min) and provided 68 in quantitative yield (Scheme 5). Considering these together, the use of 42 was concluded to be the most practical. D-4. Synthesis of novel N-glycan Glc1GalNAc5Bac from C. jejuni With complete hexasaccharide fragment 64 in place, our initial attempt was directed to its coupling with Bac component (Scheme 4). To that end, compound 7a was converted to the corresponding ‰uoride 7c through desilylation and ‰uorination. However, its coupling with 2 turned out to be ine‹cient, giving 8 in modest yield (39z) and low stereoselectivety (a:b＝3.5:1). This result prompt- ed us to redesign the synthetic route as depicted in Fig. 1 . Thus, starting with the Bac component 51, chain elongation with GalN (42, x2) and Glc-GalN (44) donors was expected to give the pentasaccharide 70. Further coupling with 42 (x2) should complete the assembly of the heptasaccharide 74 (Scheme 5).
Subsequent glycosylation of 68 with 42 was performed under the conditions optimized for the coupling with 51 (AgClO4-Cp2HfCl2, benzene), giving trisaccharide 69 in excellent yield (98z) and selectivity (19:1), which was converted to 70 (Scheme 3). We next examined the coupling with disaccharide donor 4. As shown previously, glycosylation of 4b with 15b was not e‹cient (entry 4). We thought that changing the protection of the Glc moiety might enhance the selectivity due to the change of stereoelectronic property. A sizable improvement was observed with 4a, especially when the reaction was conducted in benzene (entry 6), giving 17 in reasonable yield (67z) and high selectivity (a:b＝14:1).
With pentasaccharide 17 in hand, further elongation of the GalN repeat was conducted, in a manner as described for 2ª14ª15 (Scheme 3) to provide the fulllength heptasaccharide 21 in high yield, which was converted to 6.
Simultaneous reduction of multiple azide groups using CoCl2･(H2O)6 and NaBH4 (48) in THF-H2O (3:1) followed by immediate treatment of resultant heptaamine with Ac2O and hydrogenolysis [H2, Pd(OH)2/C, MeOH-H2O, 509 C] aŠorded deprotected product (1) as a t-butyldicyclohexyl glycoside 23 in 42z yield (49) .
We accomplished theˆrst chemical synthesis of bacterial N-glycan found in pathogenic bacteria Campylobacter jejuni.
E. NAP-ether-mediated intramolecular aglycon delivery (IAD): Development of the methodology for stereospeciˆc 1,2-cis glycosylation E-1. Intramolecular aglycon delivery
One of the most di‹cult 1,2-cis linkage to construct is b-mannopyranoside, which are prevalent in glycoproteins. b-manno glycoside has a equatorial oriented glycosidic bond with 1,2-cis relative stereochemistry, formation of which cannot be controlled by stereoelectronic eŠect.
To achieve this, a number of strategies toward 1,2-cis glycoside have been explored. Among them, approaches based on intramolecular aglycon derivery (IAD) are expected to ensure the exclusive formation of 1,2-cis glycosides (50) .
The concept of IAD wasˆrst proposed by Baressi and Hindsgaul (51), who employed isopropylidene mixed acetal (MA) as a tether for b-mannopyranosylation. Sub- sequent work by Stork and co-workers (52) explored the use of silaketal (53) for similar purpose. Following these pioneering reports, newer versions of IAD have been developed using various alkyl acetals as tethers (54) .
Our approach (55) took advantage of the special reactivity of p-methoxybenzyl (PMB) ether (Fig. 1) . Namely, 2-O-PMB protected mannosyl donor (Da) was cleanly converted to the mixed acetal (MAa) upon oxidative activation with DDQ. Subsequent activation of thioglycosidic linkage initiated the rearrangement of an aglycon from p-methoxybenzylidene acetal moiety to give a desired b-mannopyranoside (Manp, P). Practicality of this approach was shown in the syntheses of high mannose type and complex type N-glycans.
Since 2-naphthylmethyl (NAP) group (56) has a similar property as PMB, being removable with DDQ, it was expected that IAD using 2-O-NAP protected donor (DbªMAbªP) should be possible (Fig. 1) . In fact, NAPassisted IAD turned out to be highly versatile, giving various types of 1,2-cis glycosides in high yield (24, 57) . E-2. Intramolecular aglycon delivery mediated by NAP ether: Application to the synthesis of b-mannoside and b-arabinofuranoside As we already established the protocol for b-Manp formation through PMB-assisted IAD, we attempted the similar reaction with 2-O-NAP protected thiomannoside 80. As depicted in Scheme 6, the formation of MA 84 with DDQ under anhydrous conditions proceeded quantitatively, and subsequent IAD (MeOTf-DTBMP) cleanly gave bManp 85 after acetylation. Obviously, the e‹ciency of NAP-assisted IAD was even higher than PMB-assisted counterpart, requiring only 1.05 equiv. of the donor 80 to give 85 in 90z yield. NAP-mediated IAD of 3,4,6-tri-Obenzylmannoside 86 as the donor aŠorded also b-Man 88 selectively. 4,6-cycohexylidene protection were not necessary for the stereoselectivity which was the requirement for PMB-assisted IAD. This result suggested that IAD should be applied to the synthesis of 1,2-cis-b-L-Rhap (vide infra).
Having observed the e‹cacy of NAP-IAD b-mannosylation, we turned our attention to b-Araf formation. Prandi et al has been reported the PMB-mediated IAD for the synthesis of b-Araf (23). In the case of b-mannopyranosylation, stereochemical outcome of IAD is obvious; the pathway toward corresponding a-glycosides is essentially prohibited. Namely, the axial orientation of NAP ether at C-2 position (MA80) guarantees the formation of the b-glycoside (Fig. 2) . Although the pathway toward a-Araf through IAD is also disfavored, because it requires the intermediacy of trans-fused [5, 5, 0] bicycle (MA81), we employed [D7]Bn-protected Araf derivative 26D as an acceptor to critically evaluate the stereochemical homogeneity of the product (Scheme 2) (7, 11) . In fact, formation of the MA 89 from Araf donor 81 and acceptor 26D proceeded cleanly. Subsequent IAD provided 1,2-cisb-Araf 90 in satisfactory yield after acidic work-up and acetylation. E-3. Application to the synthesis of a-glucosides: Synthesis of Glc3Man1 derivative by NAP-IAD in the presence of (TMS) 3 SiH On the other hand, stereochemical outcome of aGlc formation is less obvious (Fig. 10) . In this case, NAP ether at C-2 position is equatorially oriented and IAD toward 1,2-trans b-Glc may not be completely prohibited (MA82). In order to examine the stereospeciˆcity of a-Glc formation through IAD, the MA 91 was prepared from We found that the addition of (TMS)3SiH (58) was eŠective for the reductive in situ trapping of benzylic cation generated from an activated MA91 at the last stage of IAD (Scheme 7, B1; 95ª96ª97, B2; 91ª98). Interestingly, IAD of 95 with 3D gave NAP ether 97 (82z) as a sole product. IAD of 91 in the presence of (TMS) 3 SiH also aŠorded NAP ether 98 (73z) concomitant with 99 (16z) (Scheme 3). The crude mixture (98 and 99) was immediately treated with DDQ to give sole product 99 with a desired a-stereochemistry. The advantage of IAD with the reducing additive is the re-generation of NAP ether in the product which can be used not only as the orthogonal protective groups but also the key functionality of a following NAP-IAD for further elongation. In this case, cyclohexylidene acetals were retained on the IAD product to be applicable to the synthesis of three continuous a-Glc structure 1 in tetrasaccharide Glc3Man1 in non-reducing terminal motif of high mannose type N-glycan.
NAP-IAD of 95 with 5D aŠorded the desired a-101 as a single isomer through 100 (Scheme 8). Three-step conversion of 101, aŠorded an acceptor 8 in good yield. In the second IAD of 8 with 82, formation of a MA 102 followed Following regioselective opening of the naphthylidene acetal of 114 with DIBAL-H was conducted to liberate the 3-OH of b-L-Rhap 115. Subsequent a-L-rhamnopyranosylation of 115 with trichloroacetimidate 116 cleanly aŠorded the desired trisaccharide 117 in high yield, which was deprotected under standard conditions to achieve the synthesis of a-L-Rhap-(1ª3)-b-L-Rhap-(1ª4)-Glcp 119, corresponding to the substructure of S. natans polysaccharide (62) .
In conclusion, we developed the methodology toward the stereoselective 1,2-cis-glycoside using NAP ether-mediated IAD. It was applied to the construction of various 1,2-cis-linkages, such as b-Manp, b-Araf a-Glcp and a-L-Rhap with high generality and to the complex gly- can synthesis with complete stereoselectivity. It clearly suggests that this novel stereospeciˆc IAD methodology is highly e‹cient, useful and practical.
